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Abstract
FASER is one of the promising experiments which search for long-lived particles in beyond
standard models. In this paper, we focus on dark photon associating with an additional U(1)
gauge symmetry, and also a scalar boson breaking this U(1) gauge symmetry. We study the
sensitivity to the dark photon originated from U(1)-breaking scalar decays. We find that sizable
number of the dark photon signatures can be expected in larger parameter space than previous
studies.
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I. INTRODUCTION
FASER (ForwArd Search ExpeRiment) [1–4] is a new experiment to search for new light,
weakly interacting, neutral particles, that are generated at proton-proton collision in the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN).
The detector will be placed at 480 m downstream from the ATLAS interaction point (IP).
Utilizing large cross-section of proton-proton inelastic interaction in the forward region,
FASER can realize high sensitivity to such new particles even with a compact detector.
FASER will collect about 150 fb−1 of data with 14 TeV proton-proton colliding energy in
LHC Run 3 and be upgraded to FASER 2 to take 3 ab−1 at High-Luminosity LHC.
A typical example of the new light, weakly interacting, neutral particles is dark photon,
and the discovery potential of dark photon at FASER was studied in detail in Refs. [1, 3]
(the detectability of other particles was also studied, e.g., dark higgs bosons [5, 6], axion like
particles [7], inflatons [8], and heavy neutral leptons [9]). Dark photons are new U(1) gauge
bosons interacting with the Standard Model (SM) particles only through kinetic mixing
with the SM photons [10–16]. The kinetic mixing is tightly constrained to be much small by
collider searches (for details and references, see a review, e.g. [17])), and thus, dark photons
can only weakly interact with the SM particles. Nevertheless, thanks to the large cross-
section in the forward region at LHC, a large number of dark photons can be produced via
light meson decays and proton bremsstrahlung, providing us with an exciting opportunity
to explore unconstrained parameter space of dark photon models.
Dark photons can easily be incorporated into the SM. One just has to add new gauge
bosons A′ to the SM particle content, and only two parameters are necessary for the minimal
model, i.e., a kinetic mixing parameter  and dark photon mass mA′ . On one hand, the
minimal model is very simple and useful to find out basic properties of dark photons. On the
other hand, however, it is also likely that there exist scalar bosons whose vacuum expectation
values (VEVs) spontaneously break the new U(1) gauge symmetry; it gives us the dynamical
origin of dark photon mass. In the latter case, the scalar bosons have a coupling with two
dark photons as a consequence of the mass generation. Importantly, this coupling is not
suppressed by the small kinetic mixing, and the scalar bosons can dominantly decay into
a pair of the dark photons if kinematically allowed. Moreover, the scalar bosons can be
produced by rare decays of hadrons through mixing with the SM higgs, so that the sizable
increase of the dark photon events at FASER can be expected in the latter case.
In this work, we consider the dark photon model with the new scalar discussed above,
and investigate how the new scalar bosons affect the dark photon search at FASER. The
number of produced dark photons depends on the square of the kinetic mixing, and larger
mixing leads to more production of the dark photon. Conversely, such larger mixing makes
lifetime of the dark photon shorter, and it leads to decrease of dark photons which reach the
FASER detector. In contrast, in our model, dark photons can be produced independently
the kinetic mixing parameter. We find that enough large production and long lifetime can
be realized simultaneously. Note that inclusion of new scalar bosons in order to extend
FASER’s discovery potential of dark photons was also proposed in Ref. [18]. Although
the model considered in this work is the same as that in [18], we are interested in different
parameter regions. In contrast to [18], in which the scalar bosons are assumed to be long
lived and to produce dark photons by scattering with nuclei in front of the detector or inside
it, we here interested in the case where the scalar bosons immediately decay into a pair of
dark photons. Consequently, we find that there is parameter space where FASER can cover
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but has not been taken into account in the previous studies [1, 3, 18].
This paper is organized as follows. In Sec. II, we briefly review the dark photon model,
and show the decay widths of the dark photon and additional U(1)-breaking scalar. In
Sec. III, we show the details of the FASER detector. In Sec. IV, the expected number of
dark photon events from decays of U(1)-breaking scalar is discussed. In Sec. V, we show the
results of our analyses and, lastly, we summarize our discussion in Sec. VI.
II. DARK PHOTON MODEL
We consider an extension of the SM, introducing an extra U(1) gauge symmetry under
which all of the SM particles are uncharged. The extra gauge symmetry is spontaneously
broken by the VEV of a complex scalar charged under the extra U(1) symmetry. Then, the
extra gauge boson acquires a mass. We refer this massive gauge boson to the dark photon,
A′, throughout this paper. One of the consequences of the spontaneous symmetry breaking
is the interaction term between two dark photons and the CP-even component φ of the
U(1)-breaking scalar. The coupling constant is proportional to the dark photon mass and
the extra U(1) gauge coupling. After the electroweak symmetry breaking, the dark photon
can mix with the photon through the gauge kinetic mixing between the SM hypercharge
and the extra U(1) gauge fields. Then, the dark photon can interact with the charged SM
fermions via the electromagnetic current. Furthermore, the scalar, φ, can mix the SM Higgs
boson through the quartic coupling of these bosons, and hence the interaction terms of φ
with the SM fermions, f , are induced. The relevant interaction Lagrangian to our study is
given by
Lint = g′mA′φA′µA′µ +
∑
f
mfθ
v
φf¯f − eA′µJµEM , (1)
where mA′ and mf are the masses of the dark photon and SM fermion, and v and θ are
t he VEV of the SM Higgs boson and scalar mixing parameter, respectively. In the last
term, , e and JEM stand for the gauge kinetic mixing, electric charge of proton and the
electromagnetic current, respectively.
With Eq. (1), the two-body decay widths of φ into A′ and lighter SM fermions are given
by
Γφ→A′A′ =
g′2
8pi
m2A′
mφ
βφ(A
′)
2 + m4φ
4m4A′
(
1− 2m
2
A′
m2φ
)2 , (2)
Γφ→ff¯ =
mφ
8pi
(mf
v
)2
θ2
(
1− 4m
2
f
m2φ
)
βφ(f) , (3)
where mφ is the mass of φ, and βi(j) =
√
1− 4m2j/m2i is the kinematic factor of the decay
i → jj. Here we assumed that φ is much lighter than the weak bosons as well as the
SM Higgs boson. From Eq. (2), one finds the decay with of φ into A′A′ is significantly
enhanced by the factor m2φ/m
2
A′ when mφ  mA′ . To the contrary, the decay widths into
the SM fermions Eq. (3) are suppressed due the factor m2f/v
2, In this situation, φ dominantly
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FIG. 1. Left: The decay length (top panel) and partial widths (bottom panel) of the scalar. In
the left-upper panel, the black solid (dashed) curve is the decay length for mA′ = 100 (500) MeV in
the rest frame of φ. The coupling and mixing is fixed to be 10−4 as an illustrating example. In the
left-bottom panel, the color curves are partial decay widths into the SM particles (indicated near
each curve). The black solid (dashed) curve is the one into the dark photons with mA′ = 100 (500)
MeV. The widths are normalized by the scalar mixing (κ = θ) for the SM final states and by the
gauge coupling constant (κ = g′) for A′. Right: The decay widths of A′ into the SM particles. The
black dashed curve is the total decay width. The left vertical axis is the decay length in the rest
frame of A′.
decays into the dark photons.
The decay length and branching fractions of φ are shown in the top and bottom panels of
the left figure in Fig. 1, following [4, 19], respectively. We can see in the bottom panel that
the decay width into the dark photons are much larger than those into the SM particles. In
the top panel, it is shown even for the small coupling constant and mixing g′ = θ = 10−4,
the partial decay width into A′ is so large that the decay length of the scalar is pretty short.
Even in the laboratory frame where φ will have the energy O(1) TeV, the scalar will decay
at a few cm from the IP. Compering the distance from the IP to the end of FASER detector
(480 m), we can safely assume the scalar decays at the IP.
The dark photon, on the other hand, can decay into the SM fermions, and the partial
decay widths of A′ are given as follows:
ΓA′→ff¯ =
2e2
12pi
mA′
(
1 + 2
m2f
m2A′
)
βA′(f) , (4)
ΓA′→hadrons = ΓA′→µµ¯R(s = m2A′) , (5)
where R(s) ≡ σ(e+e− → hadrons)/σ(e+e− → µµ¯), being s the center of mass energy. The
decay width (left axis) and length (right axis) of the dark photon are shown in the right
panel of Fig. 1, following [4, 20, 21]. In the figure, the decay width (length) is normalized
by 2 (−2). In the laboratory frame where A′ will have O(100) GeV, it can survive until
the FASER and FASER2 detecters when  < 10−3.
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III. FASER DETECTOR
Dimension of FASER detector [2] is 10 cm in radius and 5 m long. At the entrance to
the detector, two scintillator stations are used to veto charged particles coming through
the cavern wall from the IP, primarily high-energy muons. Each station has more than
99.99% veto efficiency of charged particles. Between the stations is a lead plate with 20
radiation length thickness that converts photons coming from upstream of the detector into
electromagnetic showers that are vetoed by the scintillators.
The veto stations are followed by a 1.5 m long, 0.55 T permanent dipole magnet with
a 10 cm aperture radius. This is the decay volume for new particles decaying into a pair
of charged particles, where the magnetic field separates the decay products to a detectable
distance.
After the decay volume is a spectrometer consisting of two 1 m long 0.55 T dipole mag-
nets with three tracking stations, that are located at either end and in between the magnets.
Each tracking station is composed of three layers of precision silicon strip detectors. Scin-
tillator stations for triggering and precision time measurements are located at the entrance
and exist of the spectrometer. The primary purpose of the spectrometer is to observe the
characteristic signal of two oppositely-charged particles pointing back towards the IP, mea-
sure their momentum, and sweep out low-momentum charged particles before they reach
the final layer of the spectrometer.
The final component is the electromagnetic calorimeter. This will identify high-energy
electrons and photons and measure the total electromagnetic energy.
FASER will be installed in the unused service tunnel TI12 in autumn 2020, which is
480 m downstream from the ATLAS IP. The goal of data-taking is to collect about 150 fb−1
of data with 14 TeV proton-proton colliding energy during 2022 - 2024 in LHC Run 3.
Upgrade of FASER detector (FASER 2) is also planned to extend sensitivity to new
particles at the High-Luminosity LHC (HL-LHC). The detector radius will be enlarged to
1 m, so that the acceptance for the new particles will become five times larger than that of
FASER. In the operation at HL-LHC, FASER 2 aims to collect 3 ab−1 of data with 14 TeV,
about 20 times bigger amount of data that will be taken in FASER.
IV. DARK PHOTON PRODUCTION AND DETECTION
In this section, we discuss the production of the dark photons by the decays of the U(1)-
breaking scalar. The U(1)-breaking scalars are dominantly produced by decays of mesons,
especially B mesons, through the SM Higgs-φ mixing. When the scalar mixing θ is much
small, the branching ratios of φ production decays are given by [5]
Br(B → Xsφ) ' 5.7
(
1− m
2
φ
m2b
)2
θ2 , (6)
Br(K± → pi±φ) = 2.0× 10−3 2p
0
φ
mK
θ2 , (7)
Br(KL → pi0φ) = 7.0× 10−3
2p0φ
mK
θ2 , (8)
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Br(KS → pi0φ) = 2.2× 10−6
2p0φ
mK
θ2 , (9)
Br(η′ → ηφ) = 7.2× 10−5 2p
0
φ
mη
θ2 , (10)
where p0φ = λ
1/2(m2K(η′),m
2
pi(η),m
2
φ)/(2mK(η′)) for the K(η
′) meson decay, with λ(a, b, c) =
a2 + b2 + c2 − 2(ab + bc + ca), is the three-momentum of the U(1)-breaking scalar in the
parent meson’s rest frame. Produced scalars travel to the direction of the FASER detector.
The probability of a dark photon to decay inside the FASER detector is given by [1]
PdetA′ (pA′ , θA′) =
(
e−Lmin/d¯A′ − e−Lmax/d¯A′
)
Θ(R− tan θA′Lmax) , (11)
where pA′ and θA′ are the momentum of A
′ and the angle with respect to the beam axis,
respectively. Lmin(max) and R are the distance between the IP and front (rear) end of the
FASER and detector radius. d¯A′ ≈ cτ restA′ pA′/mA′ is the decay length of the dark photon
in the lab frame. Given this probability, the total number of events of dark photon decays
inside the FASER detector is given by
N = L
∫
dpA′dθA′
dσpp→A′X
dpA′dθ‘A′
PdetA′ (pA′ , θA′)
= L
∑
i:meson
∑
j=1,2
∫
dpidθi
dσpp→iX
dpidθi
Br(i→ X˜φ)Br(φ→ A′1A′2)PdetA′j (pA′j(pi), θi) , (12)
where X and X˜ are mesons given in Eq. (6), and L is the expected integrated luminosity
and we assume that θA′ = θi for simplicity.
Lastly, we comment the efficiency of the FASER detector. A silicon strip module has
more than 99% of detection efficiency [22]. Considering about 9 silicon strip layers in the
spectrometer, the detection efficiency can be assumed as 100% for the signal events.
Although natural rock and LHC shielding can eliminate most of potential backgrounds,
there still remains high energetic muons with radiation and neutrinos as the main back-
grounds. In the simulation, 80k muon events with γ, electro-magnetic or hadronic shower
as well as a few neutrino events with charged current or neutral current interaction are
expected to eneter FASER from the direction of the IP with energy of sencondary particles
above 100 GeV in 150 fb−1 [23]. Assuming 99.99% veto efficiency of each scintillator station,
these backgrounds can be reduced to negligible level.
V. RESULT
Using the data sets of meson momentums, angles to the beam axis and differential cross
section [24], we have calculated the expected numbers of signal events of dark photon decays
which are detected inside the FASER and FASER 2 detector. As a result, we found that,
dark photons from decays of U(1)-breaking scalars can be detected by FASER 2 while
FASER is not sensitive to the parameters that we study in this paper. In Fig. 2, we show
the expected number of signal events of dark photon decays which are detected inside the
FASER 2 detector. In Fig. 2, we do not take into account dark photons produced by meson
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FIG. 2. Expected number of signal events of dark photon decays in the parameter space of dark
photon in the FASER2 case. In these figures, we do not take into account dark photons produced by
meson decays, bremsstrahlung and QCD processes, but only those produced by decays of the U(1)-
breaking scalar. Blue, orange, green and red regions correspond to 3 ∼ 10, 10 ∼ 100, 100 ∼ 1000
and ≥ 1000 events, respectively. Gray and pink shade regions show the parameter spaces which
are excluded by the current experiments [17] and supernova cooling [25], respectively. Black dots
show the projected dark photon sensitivity reaches in Ref. [3, 4].
decays, bremsstrahlung and QCD processes, but only those produced by decays of the U(1)-
breaking scalar, and, as a sample point, we have taken the mass of the U(1)-breaking scalar,
scalar-Higgs mixing and gauge coupling constant of the extra U(1) gauge symmetry to be
mφ = 2 GeV, θ = 10
−4 and g′ = 10−4, respectively. The blue, orange, green and red regions
correspond to 3 ∼ 10, 10 ∼ 100, 100 ∼ 1000 and ≥ 1000 events, respectively. Gray shade
region shows the parameter space which is excluded by the current experiments including
BaBar [26], NA48/2 [27], NA64(e) [28], KLOE [29], LHCb [30], E141 [31], E137 [32], ν-Cal
[33], and pink region is excluded by supernova cooling [25]. For the details, see Ref. [17]
and references therein. Black dots show the projected dark photon sensitivity reaches in
Ref. [3, 4]. Compared with the number of signal events of dark photons produced by meson
decays in Ref. [3, 4], that of dark photons produced by decays of U(1)-breaking scalar can
be much more in some parameter regions of the U(1)-breaking scalar.
VI. SUMMARY AND DISCUSSION
We have discussed sensitivity of FASER to the dark photon from decay of the scalar
boson, assuming that the scalar spontaneously breaks the U(1) gauge symmetry associating
the dark photon. The scalar can be produced in the decays of meson through the mixing
with the SM Higgs. Then, when the dark photon is much lighter than the scalar boson, the
scalar dominantly decays into two dark photons due to the enhancement. The large number
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of the dark photon can be produced from such φ decays.
We have analyzed the expected number of events of A′ decays at the FASER and FASER 2
detectors. Taking the parameters g′ = 10−4, θ = 10−4 and mφ = 2 GeV as an illustrating
example, we found the sensitivity is improved to smaller  and large mA′ regions than that
in the case only with pi0 and η meson decays. The decay of φ produces O(103) events of
the dark photon decays at the FASER 2 detector. The large number of φ improves the
sensitivity to  upto 10−9. Furthermore, since φ is mainly produced from B meson decays, it
can be heavier than pi0 and η mesons. For that reason, heavier dark photon can be produced,
which improves the sensitivity to mA′ . With our sample parameters, mA′ can be searched
up to 1 GeV for mφ = 2 GeV. In the end, we would like to emphasize that the mechanism of
light gauge boson production from associated U(1)-breaking scalars can be applied for wide
class of models, such as gauged U(1)B−L and U(1)Lα−Lβ (α, β = e, µ, τ) models.
Before closing this paper, a few comments are in order. In our analysis, we have not
included the angular distributions of the scalar and dark photon momenta, bremsstrahlung
and QCD direct productions of the scalar boson. We have roughly estimated the effects
of the angular distributions and found it may slightly affect the sensitivity. We have also
estimated the bremsstrahlung of the scalar and found that adds O(1) events in larger 
region. These effects will be taken into account in our next works.
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